We calculate the contribution of the |∆S | = 1 K meson exchange process generated by the CabibboKobayashi-Maskawa matrix to the electric-dipole moment (EDM) of the 9 Be nucleus by considering the αn-αΛ channel coupling. It is found that the effect of the Pauli exclusion principle is not important intermediate S = −1 state, and that the result is consistent with the EDM of 9 Be calculated with the |∆S | = 1 interactions as a perturbation without considering the nucleus-hypernucleus mixing. Our result suggests that the effect of the |∆S | = 1 interactions is neither suppressed nor enhanced in nuclei, if the difference of binding energies between the nucleus and the hypernucleus is small compared with the hyperon-nucleon mass difference.
I. INTRODUCTION
The electric-dipole moment (EDM) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] is often quoted as the most sensitive observable to the CP violation beyond standard model (SM) which is required to explain the baryon number asymmetry of the universe [20] [21] [22] , and active searches using various systems such as the neutron [23] , atoms [24] [25] [26] [27] , molecules [28] [29] [30] [31] [32] , or muons [33] , are currently being carried out. There are also new ideas to measure it in paramagnetic atoms by using three-dimensional optical lattices [34, 35] , protons and light nuclei using storage rings [15, [36] [37] [38] [39] [40] , strange and charmed baryons using bent crystals [41, 42] , τ leptons from the precision analysis of collider experimental data [43] [44] [45] , electrons using polar molecules and inert gas matrices [46] , etc. It is also a probe of the axions [47, 48] , which were first conceived to resolve the strong charge-parity (CP) problem [49] and are now extensively discussed in the context of dark matter, or the Lorentz violation [50] .
One of the most attractive advantages of the EDM is that the effect of the CP phase of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [51] , which is the representative CP violation of the SM, is extremely small, at least for all known systems. The CKM contributions to the EDM of light quarks [52] [53] [54] [55] and charged leptons [56] [57] [58] appear from the three-and fourloop levels, respectively, due to the antisymmetry of the Jarlskog invariant [59, 60] , and thus are explicitly shown to be very small. The Weinberg operator is also very small, with an estimated effect to the neutron EDM to be of O(10 −40 )e cm [61] .
The CKM contributions to the EDM of composite systems are believed to be more enhanced due to the long distance effect [58, [62] [63] [64] [65] , where the Jarlskog combination is realized with two distinct |∆S | = 1 hadron level interactions. As for the nucleon EDM, this contribution is larger than the quark EDM contribution by two or three orders of magnitude, but the hadronic and nuclear level uncertainties are also large. An important systematics of nuclear systems is the mixing of the S = 0 nuclear state with the S = −1 hypernucleus through the weak interaction. This effect has recently been evaluated for the deuteron [66] , and it was found to not be enhanced.
The story might however change for heavier nuclei, since the structure of hypernuclei significantly differs from the S = 0 structure due to the relevance of the Pauli exclusion principle [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] . It has actually been shown in the study of 13 C that the nuclear EDM is very sensitive to the change of the nuclear structure in parity transition [80, 81] . This aspect is roughly controlled by the energy difference among transitioning states and the overlap of the matrix elements of operators contributing to the EDM. In our case, we are interested in the second one, since the energy difference is roughly given by the hyperon-nucleon mass splitting. If the effect of the Pauli blocking is important, the transition matrix elements, and consequently the EDM, might be significantly suppressed.
The purpose of this paper is to test whether the Pauli exclusion principle affects the nuclear EDM generated by the |∆S | = 1 interactions through the nucleus-hypernucleus mixing. For that, we choose the 9 Be nucleus whose structure, together with that of 9 Λ Be, is well known from the cluster model [15, 67, 68, 82, 83] . This nucleus is of particular interest because it is on the border of shell-like and cluster structures. The 9 Be nucleus is then a prototype of all other heavier stable odd nuclei which have core plus valence configurations. The result of our work then also has an impact in the estimation of the EDM of other interesting systems such as heavy atoms and nuclei [4, 5, 10, 13, [15] [16] [17] [18] , or in the analysis of T -odd angular correlations of nuclear beta decay [84] [85] [86] [87] . It is also important to note that this influences the sensitivity of the above observables on general |∆S | = 1 processes, important in the phenomenological analysis of new physics beyond the standard model with flavor violation .
This paper is organized as follows. In the next section, we describe the quark level |∆S | = 1 weak effective Hamiltonian. In Sec. III, we present the setup of the NN and NΛ interactions and the α cluster model used in this work. In Sec. IV, we estimate the EDM using power counting rules. We then explain the Gaussian expansion method (GEM) which is used to calculate the nuclear structure and the formulation of the EDM in Secs. V and VI, respectively. The results are presented and discussed in Sec. VII. We summarize our paper in Sec. VIII.
II. QUARK LEVEL WEAK EFFECTIVE HAMILTONIAN
In the standard model, the leading CP violation is generated by two W boson exchanges for which the couplings with quarks fulfill the Jarlskog combination [59] . As seen in the Introduction, the long distance contribution is dominant with the EDM. We therefore need two distinct |∆S | = 1 four-quarks interactions. For example, the |∆S | = 1 W boson exchange processes are shown in Fig. 1 .
After the integration of the W boson, the |∆S | = 1 effective Hamiltonian of the SM is given by
where Vare the CKM matrix elements and the Fermi constant is G F = 1.16637×10 −5 GeV −2 [116] . The mass of the W boson is m W = 80.4 GeV [116] . Moreover, the |∆S | = 1 fourquark operators Q i with i = 1 ∼ 6 are defined in the following basis [117, 118] where α and β denote the color indices of the quarks. The Wilson coefficients C i are evolved down to the hadronic scale according to the next-to-next leading logarithmic approximation of the renormalization-group equation [81, 117, 118] . The effective Hamiltonian near the hadronic scale µ = 1 GeV is given by
. After the renormalization down to the hadronic scale µ = 1 GeV, the Wilson coefficients y i and z i (i = 1 ∼ 6) are determined as
From the above Wilson coefficients, we formulate the |∆S | = 1 interactions. Let us first derive the hyperon-neutron transition. The effective Hamiltonian of this one-body process is expressed by
where a nΛ is the weak-coupling constant of the Λ-nucleon transition, which is given in terms of the hadron matrix element as
Here the baryon scalar density matrix is given by
where the renormalization scale is µ = 1 GeV and the strange quark mass, the nucleon mass, and the Lambda mass are 
where Q NR 2 is the nonrelativistic reduction of Q q 2 . This result was obtained by calculating the nonleptonic hyperon decay with Q NR 2 as input in the quark model (see Fig. 2 ). We now derive the |∆S | = 1 meson-baryon interaction. By using the factorization approach (see Fig. 3 ), we obtain the |∆S | = 1 P-odd kaon-nucleon interaction
where the couplingsḡ K 0 pp andḡ K 0 nn are expressed as
with G y ≡ iJ |V ud V us | 2 3 y 5 + 2y 6 and the Jarlskog invariant J = (3.06 [59, 116] while y 5 and y 6 are given in Eq. (10) . A more systematic chiral Lagrangian can be found in Refs. [120, 121] The pseudoscalar matrix element can be transformed by using the partially conserved axial current formula as
where f K = 1.2 f π with the pion-decay constant f π = 93 MeV. Following the Gell-Mann-Oakes-Renner relation, the chiral condensate is given by
where m u = 2.2 MeV and m d = 4.7 MeV at the renormalization scale µ = 2 GeV [116, [122] [123] [124] . Here the pion mass is m π = 139 MeV. The chiral condensate of the strange quark is close to that of light quarks: 0|ss|0 ≈ 0|qq|0 [125] . The nucleon scalar matrix elements are given by
which is derived from σ πN ≡
Note that σ πN obtained from phenomenological extractions ( 60 MeV) [126] [127] [128] [129] and that from lattice calculations ( 30 MeV) [130] [131] [132] [133] [134] are not consistent, so we just took the average.
III. INTERACTION
The Hamiltonian of 9 Be and 9 Λ Be is given by
with the kinetic energy T , the nuclear potential V NN , the hyperon-nucleon potential V Y N , the strangeness violating weak one-body transition T
, and the |∆S | = 1 P-odd meson exchange two-body potential H
. The mass shift ∆M = m Λ − m N is required to simultaneously consider the nucleus and the hypernucleus.
Let us first define the strangeness conserving sector. We employ the N-α and α-α interactions which reproduce the scattering phase shift of the N-α and α-α systems at low energy [135, 136] . To reproduce the binding energy of 9 Be (1.57 MeV), we introduced a small shift in the central N-α interaction. For the Y N interaction, the YNG ΛN interaction [137] is employed. It is parametrized as
where P r is the space exchange operator. The strengths v The Pauli blocking between the N-α and α-α systems is taken into account by the orthogonality condition model (OCM) [138] . The OCM projection operator V Pauli is given by
where x = N or α. The operator rules out the amplitude of the forbidden states in the N-α ( f = 0s) and α-α ( f = 0s, 1s, 0d) systems [139] . The Gaussian range parameter of the nucleon 0s orbit in the α-cluster is b = 1.358 fm. Now let us introduce the strangeness violating interactions. We model the |∆S | = 1 P-odd interbaryon force by assuming the one-kaon exchange (see Fig. 4 ), which is the relevant one in this work. The |∆S | = 1 two-body interaction is given as
where σ 2 and Λ † n 2 indicate the spin matrix and the strangeness transition operator of the second baryon, respectively, andr is the unit vector directed from baryon 2 to baryon 1. The P-even meson-baryon coupling is given by
, derived from the leading terms of the chiral Lagrangian [12, [140] [141] [142] . The coupling potential is defined by
where N = p or n and the kaon mass is m K = 497.6 MeV [116] . The reduced mass is defined as
. The nonlocal term in the |∆S | = 1 K meson exchange interaction is neglected since its effect is small (∼ O(10%)). The potential is displayed in Fig. 5 .
In the α-cluster model, the relevant degrees of the freedom are the baryon and the α-cluster. We therefore need to fold the |∆S | = 1 two-body potential. The folding procedure works as follows [15] V αN−αΛ (r)r
The radial shape of this potential is described in Fig. 5 . It is important to note that the folding cancels the |∆S | = 1 twobody potential in the case where the Λ is created by annihilating a nucleon in the α-cluster (see Fig. 6 ). The η and π exchanges are not allowed due this and to the spin closure of the α-cluster. This is why only the K 0 exchange is possible in the αN-αΛ channel coupling. Moreover, since there is no spin and isospin in the α particle, the K 0 , η and π exchanges are forbidden in the αα interaction.
IV. POWER COUNTING ESTIMATE
Let us estimate the EDM generated by the transition between S = 0, −1 and opposite parity states by using power counting [143] . The EDM of 9 Be in the leading-order perturbation is given by
Schematic picture of transition between states contributing to the EDM of 9 Be.
where means that we take the sum for the bound states and the integral for the continuum states. E is the electric-dipole operator. Let us first inspect the denominator. The one of the first term (see Fig. 7 (a) ) is of O(∆), with ∆ ≡ m Λ − m N , because E[ 9 Be (m) (3/2 + )] can be close to E[ 9 Λ Be (n) (3/2 + )] due to the summation over m continuum states. However, the second term (see Fig. 7 (b) (27) is larger than the second term by a factor of O(p 2 /m N ∆) ∼ 1/20 where p is the soft scale of the order of typical binding momentum. We also note that the nuclear EDM receives a contribution from the intrinsic EDM of the nucleon, which scales as O(1/∆) in the chiral perturbation theory [64] . From the power-counting argument, this can interfere with the first term of Eq. (27) . We will come back to this point later in the error estimation. The other |∆S | = 1 processes have less effect since the mass difference between strange and nonstrange hadrons is larger.
V. GAUSSIAN EXPANSION METHOD
To obtain the nuclear wave function of 9 Be, we solve the nonrelativistic Schrödinger equation
where J = m z = 3 2 . Here, we use the Gaussian expansion method [144] to treat this problem. In this framework, the wave function of 9 Be is given by
where A is the antisymmetrization operator, χ and η denote the spin and strangeness wave functions, respectively. Here, we are considering the NN-NΛ channel coupling which is spanned by the S = 0 and S = 1 wave functions. With this basis, we can take into account the dynamical effect of the interaction among the hyperon and the other nucleons in the intermediate states (see Fig. 8 ) which was neglected in the previous work [65] (see Fig. 9 ). The wave functions are given as a superposition of Gaussian basis functions
with the normalization constants N nl and N NL . The Gaussian range parameters are given in a geometric progression r n = r 1 a n−1
VI. ELECTRIC DIPOLE MOMENT
The electric-dipole operator of 9 Be in the ααn cluster model is given by where the center of mass vector is arbitrary and unphysical. Here, the relative coordinates are defined as
For illustration, see Fig. 10 . Similarly, the dipole operator for the ααΛ system is given by
VII. RESULTS AND DISCUSSION
From our calculation, the contribution of the |∆S | = 1 kaon exchange interaction to the EDM of 9 Be is obtained as
On the other hand, the 9 Be EDM without considering the intermediate hypernuclear contribution is
calculated with the effective CP-odd NN interaction, obtained by integrating out the intermediate Λ [65] . We see that the results are close. This result strongly suggests that the Pauli exclusion principle and the Y N interaction are not significant in the hypernuclear intermediate state for the nuclear EDM generated by the CKM matrix. By separately calculating the first and the second contributions of Eq. (27), we have, respectively, This result confirms our order estimation. Equation (27) also suggests that we carefully inspect the EDM of deformed nuclei, since the enhancement due to the close energy levels of opposite parity states [145] [146] [147] [148] [149] [150] [151] [152] is upset by taking the transition to the excited opposite parity states.
Another potential suppression mechanism to be inspected is the nonperturbative effect contributing to the matrix element in the numerator (this corresponds to the contribution which needs to be resumed in the calculation of the neutrinoless double-beta decay [153] ). Indeed the difference of structure between 9 Be and 9 Λ Be may significantly damp it. In our calculation, the Nα distance for 9 Be(3/2 − ) is 3.6 fm and the distance of Λα for 9 Λ Be(3/2 + ) is 4.8 fm, so the suppression should be relevant. However, the other hypernuclear continuum states have good overlaps with 9 Be(3/2 − ) and the transition with them gives the leading contribution to the EDM. This is why Eq. (38) is not significantly suppressed compared with Eq. (39) . We note that the difference of energies between the continuum states and the bound states of 9 Λ Be is much smaller than the hyperon-nucleon mass difference. The transition through excited states are therefore not suppressed by the denominator. Overall, we may say that the EDM of 9 Be receives a contribution from higher virtual states.
Let us also calculate the matrix element of the one-body Λ-n transition to compare with the case without consideration of the nucleus-hypernucleus mixing. By taking the ratio between the cases with and without channel coupling, we obtain 2 Ψ|nΛ † |Ψ
Re(a nΛ ) 9 Be|n † Λ|ααΛ
We see that the ratio is very close to one. This means that the distributions of the ααn and the ααΛ states closely resemble each other. The evaluation of this hyperon-nucleon transition matrix element is also important to quantify the nuclear effect in the CP-odd electron-nucleon interaction which is one of the leading contribution to the EDM of atoms. At the leading order, it is generated by the |∆S | = 1 meson-baryon interaction and the hyperon-nucleon transition which fulfills the Jarlskog combination [58] , but the meson generated by the meson-baryon interaction is connected to the outer electrons, so that the two |∆S | = 1 interactions act as a one-body process at the nuclear level (see Fig. 11 ). The 9 Be nucleus cannot be used in atomic EDM experiments, since it is too light to enhance the CP violation. However, our result suggests that the CP-odd electron-nucleon interaction generated by the CKM matrix is not suppressed in heavier nuclei, since the Pauli exclusion principle does not have significant effect in the hypernuclear intermediate state. The same remark applies for the T -odd angular correlations of the nuclear beta decay which also has hypernuclear intermediate states (see Fig. 12 ).
The theoretical uncertainties of this calculation are the followings: they are due to (i) the renormalization-group evolution of the |∆S | = 1 four-quark interactions, (ii) the hadronic matrix elements, and (iii) the systematics at the nuclear level. Let us see them in detail. Regarding (i), the most important error is due to the nonperturbative effect near the hadronic scale. In Ref. [65] , it was deduced that the results may change by a factor of two by varying the renormalization scale, but the order of magnitude does not. The electroweak contribution in this context is not important. Concerning (ii), we have the calculation of the matrix elements of the hyperon-nucleon transition and that of |∆S |=1 meson-baryon interactions. The former has been obtained from the fit of the nonleptonic hyperon decay [119] so the error bar should not be large. However, the evaluation of the meson-baryon interaction required the QCD calculation of the matrix elements of the subleading four-quark operators Q q 5 and Q q 6 (see Fig. 1 (b) ). In this work, we used the factorization which has a large theoretical uncertainty (in Ref. [66] , it is estimated to be of O(60%)). Moreover, there is an additional systematic error due to the pion-nucleon sigma term (see Sec. II). In view of this, the hadron level systematics might affect the order of the magnitude of our results.
The remaining uncertainty is the nuclear-level uncertainty. It comprises the systematics of the CP-even interactions of the α-cluster model, the folding of the |∆S | = 1 two-body interaction, the contribution from the intrinsic nucleon EDM, and the effect beyond the α-cluster model. The first one should not be important because low-lying energy levels of 9 Be and 9 Λ Be are well described within the model we adopted while the nuclear EDM is sensitive to the long distance and low energy physics. The second one has never been quantified, but we expect it to be subleading since the K meson is relatively light. The effect of the intrinsic nucleon EDM has been estimated in a previous work to be O(10 −32 )e cm [64] , so it may interfere with our result (38) . Its quantification is very difficult at the present stage due to the poor knowledge of the low energy constants of chiral perturbation theory. However, the most important systematics is probably the effect of the transition of the nucleon inside the α-cluster to the hyperon, since the pion exchange, which was the leading contribution in the case without consideration of the nucleus-hypernucleus mixing, becomes relevant. We know from the study of the EDM of 13 C that, the large energy required in the transition between states suppresses the amplitude of the process. From this point-of-view, the destruction of the α-cluster may be important, since the binding energy of the 4 He nucleus is large (28.3 MeV).
VIII. SUMMARY
In this paper we have studied the contributions of the |∆S | = 1 K meson exchange process generated by the CKM matrix to the EDM of the 9 Be by considering the αn-αΛ channel coupling within the GEM. We have found that the result of the 9 Be EDM obtained by considering the hypernuclear intermediate states does not differ by much from the result with the Λ hyperon integrated out. We conclude that the Pauli exclusion principle in the hypernuclear intermediate states does not have a significant effect in the nuclear EDM. This is probably due to the large mass difference between the hyperon and the nucleon compared with the typical binding effect in nuclei or hypernuclei, which brings high virtuality in the intermediate hypernuclear states.
The important uncertainty is the contribution beyond the α-cluster model. The destruction of the α-cluster will lead to loss of 28.3 MeV which will partially cancel the virtuality due to the intermediate hyperon. To evaluate this effect, the EDM of 9 Be with a nine-body ab initio calculation is required. This is left for future work.
The change of the EDM generated by the |∆S | = 1 interactions has an important impact not only to the CKM contribution, but also to flavor-violating models beyond the standard model . It is then important to further quantify the systematics due to the nucleus-hypernucleus mixing.
